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INTRODUCTION 

This Annual Report i s  the seventh of a series descr ib ing  the 

r e s u l t s  of research  conducted by the  U.S. Geological Survey on 

behalf of the Nat ional  Aeronautics and Space Adminis t ra t ion under 

c o n t r a c t s .  

the  Branch of Astrogeology, it covers the per iod J u l y  1, 1965, t o  

J u l y  1, 1966, and is  i n  fou r  volumes corresponding t o  fou r  areas 

of research:  P a r t  A ,  Lunar and Plane tary  Inves t iga t ions ,  wi th  

map supplement; P a r t  B ,  Crater Inves t iga t ions ;  P a r t  C ,  Cosmic 

Chemistry and Petrology;  and P a r t  D ,  Space F l i g h t  Inves t iga t ions ,  

wi th  map supplement. This a d d i t i o n a l  volume summarizes the papers 
i n  P a r t s  A,  B y  C ,  and D. /I 

Prepared by the  Astrogeologic S tudies  Sec t ion  of 

i I 

Long-range ob jec t ive  t rogeologic  s t u d i e s  program 

are t o  determine and map the s t r a t i g r a p h y  and s t r u c t u r e  of the  

Moon's c r u s t ,  t o  work out  from these  the sequence of events  t h a t  

led t o  the  p re sen t  condi t ion  of the  Moon's sur face ,  and t o  determine 

the  processes  by which these  events  took place.  

ou t  t h a t  leads toward these  ob jec t ives  includes a program of lunar  

geologic  mapping from both t e l e scop ic  and spacec ra f t  photographs; 

s t u d i e s  on the  d i sc r imina t ion  of geologic  materials on the  lunar  

su r face  by t h e i r  photometric,  po la r ime t r i c ,  and in f r a red  p rope r t i e s ;  

f i e l d  s t u d i e s  of s t r u c t u r e s  of impact, explos ive ,  and volcanic  

o r i g i n ;  l abora tory  s t u d i e s  on the behavior of rocks and minerals 

subjected t o  shock; and s tudy of the  chemical, petrographic  and 

phys ica l  p rope r t i e s  of materials of poss ib l e  lunar  o r i g i n  and the 

Work being c a r r i e d  

development of s p e c i a l  techniques f o r  t h e i r  ana lys i s .  

P a r t  A, Lunar and Plane tary  Inves t iga t ions ,  c o n s i s t s  of four  

Prel iminary maps of seven sec t ions  of t e x t  and a map supplement. 

quadrangles a t  a scale of 1:1,000,000 are included i n  the  map 

supplement; f i v e  are located i n  the  northwest quadrant of the  Moon 
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and two i n  the  southeast .  These maps r ep resen t  t he  f i r s t  ex tens ions  

of lunar  geologic  mapping beyond the e q u a t o r i a l  b e l t  ( l a t  32" N.- 

32" S. , long 70" E.-70" W.) t h a t  w a s  covered i n  previous years. 

Three maps i n  the  e q u a t o r i a l  b e l t  a t  a scale of 1:500,000 are also 
included i n  the  map supplement, and s t r u c t u r a l  maps of two o the r s  

are shown as t e x t  f i gu res .  

The f i r s t  text s e c t i o n  is a c o l l e c t i o n  of geologic  summaries 

of e i g h t  maps a t  a scale of 1:1,000,000 published o r  i n  press  

during the  p re sen t  r epor t  period. I n  a d d i t i o n  t o  these ,  two o the r  

quadrangle maps were published i n  t h i s  per iod ,  Montes Apenninus 

and Ar is ta rchus ,  b u t  t h e i r  geology w a s  summarized i n  previous 

annual r epor t s  i n  ar t ic les  by Hackman (1962-63 rep t .  , p. 1-8) and 

Moore (1962-63 rep t .  , p. 33-45; 1963-64 rep t .  , p. 42-51). Some 

of t he  e i g h t  quadrangle maps summarized in  t h i s  s e c t i o n  are ac- 

companied by summary t e x t s  i n  t h e i r  published form: Copernicus, 

Hevel ius ,  Mare Humorum, Mare Vaporum, and Seleucus. The o thers - -  

J u l i u s  Caesar, P i t a t u s ,  and Mare Se ren i t a t i s - -do  n o t  have summary 

t e x t s  i n  t h e i r  published form. Two quadrangles,  J u l i u s  Caesar 

and Mare Vaporum, are geo log ica l ly  similar and thus are  discussed 

i n  one ar t ic le  i n  t h i s  repor t .  

The second s e c t i o n  includes two t o p i c a l  s t u d i e s ,  summaries 

o r  s p e c i a l  s t u d i e s  of the  geology i n  th ree  of t he  seven quadrangles 

covered by prel iminary maps i n  t h i s  r e p o r t ,  and a s t r u c t u r a l  s tudy 

of two 1:500,000-scale quadrangles. 

The t h i r d  s e c t i o n  comprises .seven ar t ic les  desc r ib ing  s t u d i e s  

in  luna r  and p l ane ta ry  physics  t h a t  are i n  support  of the  geologic  

mapping program. 

The f o u r t h  s e c t i o n  i s  an ex tens ive  summary of lunar  s t ra t i -  

graphic  concepts and of s t r a t i g r a p h i c  u n i t s  t h a t  appeared on pre- 

l iminary maps produced through t h e  annual r e p o r t  period preceding 

t h i s  one and on revised published vers ions  of some of these  same 

maps. 
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P a r t  B y  Crater Inves t iga t ions ,  conta ins  the  r e s u l t s  of f i e l d  

and labora tory  s t u d i e s  of craters and r e l a t e d  phenomena. 

i nves t iga t ions  have been made of n a t u r a l l y  formed craters and 

roo t s  of c r a t e r s :  (1) the  Flynn Creek s t r u c t u r e  i n  east Tennessee, 

(2)  the  Sierra Madera s t r u c t u r e  i n  w e s t  Texas, (3)  the  Manicouagan 

F ie ld  

Lake s t r u c t u r e  i n  Quebec, Canada, and ( 4 )  the  Moses Rock diatreme 

i n  Utah. The f i r s t  th ree  are thought to  be eroded impact s t r u c t u r e s ;  

the fou r th  i s  the  r o o t  of a maar-type crater. 

R e s u l t s  of two experimental  s t u d i e s  of impact craters are 

reported i n  (1) "Craters Produced by Missile Impacts ,"  and (2) 

"Hypervelocity Impact Craters i n  Pumice"; a t h i r d  paper provides 

a compilation of d a t a  on c r a t e r s  formed by explosives.  Another 

paper  descr ibes  a new technique f o r  f i e l d  explosive shock 

experiments. 

Summaries of f i e l d  and labora tory  s t u d i e s  of shock-induced 

changes i n  rocks are given i n  th ree  papers: (1) "Impact Metamorphism,'' 

(2 )  "Nickel-Iron Spherules from the Aouelloul Glass of Mauri tania ,  

Afr ica ,"  and (3)  

Thermoluminescence of Halite. 

"Inf h e n c e  of Stress His tory  on Low-Temperature 

P a r t  C ,  Cosmic Chemistry and Petrology,  includes r e p o r t s  on 

techniques of s tudy,  a n a l y s i s ,  and i n t e r p r e t a t i o n  of d a t a  on 

materials of known o r  suspected e x t r a t e r r e s t r i a l  o r ig inS  The 

r e s u l t s  of a s tudy  i n  which metallic spherules  and g l a s s  i n  

t e k t i t e s  are compared with spherules  and g l a s s  i n  impact i tes  are 

presented. Conclusions are drawn as t o  the  p a r t i a l  p ressure  of 

oxygen during t e k t i t e  formation. 

Martha's Vineyard and Georgia t e k t i t e s  reveal t h a t  these t e k t i t e s  

are g e n e t i c a l l y  r e l a t e d  t o  the  Texas t e k t i t e s  (bed ia s i t e s )  and 

New chemical analyses  of the  

t h a t  they were probably formed by the  same event. A s tudy done i n  

cooperat ion with the  Smithsonian I n s t i t u t i o n  reveals t h a t  t r o i l i t e  

lamellae i n  i ron  meteori tes  c r y s t a l l i z e d  from a m e l t ,  and t h a t  some 

of the  meteori tes  containing these lamellae apparent ly  cooled extremely 

rapidly.  Fur ther  d a t a  are presented on the  search  f o r  cosmic dus t  

as p a r t  of the Luster  P ro jec t ,  done i n  cooperat ion with NASA. A 
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review a r t i c l e  on the latest techniques a v a i l a b l e  i n  geochemical 

ana lys i s  i s  included. The work w a s  done i n  cooperat ion with the  

Branch of Analy t ica l  Serv ices ,  U.S. Geological Survey. F i n a l l y ,  

new techniques are presented f o r  the  ana lys i s  of trace amounts 

of C s ,  H f ,  and Ta  by neutron a c t i v a t i o n  and of Zn and Ag by spec- 

trography. 

P a r t  D ,  Space F l i g h t  Inves t iga t ions ,  includes r epor t s  on ge- 

o log ic  ana lys i s  and mapping from Ranger photographs, research  on 

methods of Ranger photogrammetry, an  ana lys i s  of small lunar  cra- 

ters by comparison with experimental ly  produced impact and explo- 

s ion  craters, and a sample of the p r e f l i g h t  geologic  r epor t s  

prepared f o r  the s i tes  photographed by Lunar Orb i t e r  I. 

4 



The fol lowing r epor t s  were published dur ing  the  period J u l y  1, 

1965 t o  J u l y  1, 1966: 

Brett ,  Robin, 1966, Cohenite i n  meteorites--A proposed o r i g i n : ,  

Science,  v. 153, no. 3731, p. 60-62. 

1966, Metallic spherules  i n  impact i te  and t e k t i t e  g l a s ses  

[ abs. 1: Am. Geophys. Union Trans. , v. 47, no. 1, p. 145. 

Carr, M. H. ,  1965, Geologic map and s e c t i o n  of the  Timocharis reg ion  

of the Moon: U.S. Geol. Survey Misc. Geol. Inv. Map 1-462. 

1966, Measurement of the  v e l o c i t y  of high-amplitude shock 

waves i n  rock materials by means of s t r a i n  gages, ,& 
Geological Survey research 1966: U. S. Geol. Survey Prof .  

Paper 550-By p. B99-Bl03. 

Cassidy, W. A. , Willar, L. M. ,  Bunch, T. E . ,  Kohman, T. P . ,  and 

Mil ton,  D. J . ,  1965, Meteori tes  and craters of Campo d e l  

Cie lo ,  Argentina: Science,  v. 149, no. 3688, p. 1055-1064. 

Chao, E. C. T . ,  Merrill, C. W . ,  C u t t i t t a ,  Frank, and Annell ,  

Charles ,  1966, The Aouelloul crater and the Aouelloul g l a s s  

of Mauri tania ,  Afr ica  [abs . ] :  Am. Geophys. Union Trans. ,  v. 
47, no. 1, p. 144. 

Duke, M. B . ,  1966, The Shergot ty  meteorite--Magmatic and shock 

metamorphic f e a t u r e s  [ abs. ] : Am. Geophys. Union Trans. , v. 

47,  no. 3 ,  p. 481. 
Eggleton, R. E . ,  1965, Geologic map of the Riphaeus Mountains region 

of the Moon: U.S. Geol. Survey Misc. Geol. Inv. Map 1-458. 

Gaul t ,  D. E . ,  and Moore, H. J. , 1965, Sca l ing  r e l a t ionsh ips  f o r  

microscale t o  megascale impact craters: Hypervelocity Impact 

Symposium, 7 th ,  Tampa, Fla.  , 1964, Proc. ,  v. 6, p. 341-351. 

Hackman, R. J . ,  1966, Geologic map of the Montes Appeninus region 

of the Moon: U.S. Geol. Survey Misc. Geol. Inv. Map 1-463. 

Mil ton,  D. J . ,  1966, S t ruc tu re  of the Henbury meteor i te  craters, 

A u s t r a l i a  Cabs.], in Conference on shock metamorphism of 

n a t u r a l  materials, Apr i l  14-16, 1966: Greenbel t ,  Md., 

Goddard Space F l i g h t  Center ,  NASA, p. 36. 
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Milton,  D. J . ,  and Michel, F. C . ,  1965, S t ruc tu re  of a r ay  crater 

a t  Henbury, Northern T e r r i t o r y ,  Aus t r a l i a ,  - i n  Geological 

Survey r e sea rch  1965: U.S. Geol. Survey Prof .  Paper 525-C, 

p. C 5 - C l l .  

Moore, H. J . ,  1965, Geologic map of the Ar is ta rchus  region of the  

Moon: U.S. Geol. Survey Misc. Geol. Inv. Map 1-465. 

Roddy, D. J . ,  1966, Carbonate deformation a t  a probable impact 

crater a t  Flynn Creek, Tennessee Cabs.]: Am. Geophys. Union 

Trans. ,  v. 47,  no. 3 ,  p. 493-494. 

1966, Minimum energy of formation f o r  a probable impact 

crater a t  Flynn Creek, Tennessee [abs.]:  Am. Geophys. Union 

Trans. , v. 47, no. 3 ,  p. 482. 

1966, An unusual do lomi t ic  basa l  f a c i e s  of t he  Chattanooga 

sha le  i n  the Flynn Creek s t r u c t u r e ,  Tennessee Cabs.]: 

Minera logis t ,  v. 51, nos. 1-2, p. 270. 

Am. 
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SUMMARY OF PART A 

Lunar i n v e s t i g a t i o n s  through t h i s  r e p o r t  period have been 

based on geologic mapping o f  t h e  Moon from t e l e scop ic  d a t a  a t  

s c a l e s  o f  1:1,000,000 and 1:500,000. This mapping i s  supple- 

mented by mapping a t  l a rge r  scales from Ranger spacec ra f t  photo- 

graphs and a n a l y s i s  o f  Surveyor spacec ra f t  photographs; t hese  

s t u d i e s  are described i n  P a r t  D,  Space F l i g h t  Inves t iga t ions .  

Geologic maps of s i x  quadrangles a t  a scale of 1:1,000,000 have 

been published and repor ted  on previous ly  ( f ig .  1). An a d d i t i o n a l  

e i g h t  maps, published r e c e n t l y  o r  i n  press ,  are repor ted  on i n  

P a r t  A. Prel iminary maps of 14 a d d i t i o n a l  quadrangles, as w e l l  

as of t h e  quadrangles for  which maps have been published o r  are 

i n  p r e s s ,  have been t ransmi t ted  t o  t h e  Nat ional  Aeronautics and 

Space Adminis t ra t ion previously.  Prel iminary maps of seven more 

quadrangles a t  a scale of 1:1,000,000 are included i n  t h e  map 

supplement to  P a r t  A: Cass in i ,  by N. J Page; Sinus Iridum, by 

G. G. Schaber; P l a t o ,  by J. W. M’Gonigle and D. L. Schle icher ;  

J. Herschel, by G. E. Ul r ich ;  R h k e r ,  by R. E. Eggleton and 

E. I. Smith; Maurolycus, by N. D. Cozad and’ S. R. T i t i e y ;  and 

Rheita,  by D. E. Stuart-Alexander. Three pre l iminary  maps of 

quadrangles a t  a scale of 1:500,000 are a l s o  included ( f ig .  2 ) :  
Reinhold (AIC 58D), by J e r r y  Harbour; Euclides P (AIC 57C), by 

M. N. West; and Flamsteed (AIC 75A), by S. R. T i t l e y .  The s t ruc -  

t u r e  of two a d d i t i o n a l  1:500,000 quadrangles, Triesnecker (AIC 59C) 

and Hipparchus (AIC 77B), by T. W. O f f i e l d ,  i s  shown i n  text 

f i g u r e s  and described. 

a r y  colored maps of n ine  a d d i t i o n a l  1:1,000,000 quadrangles and 

s e v e r a l  a d d i t i o n a l  1:500,000 ones w i l l  be completed, and wi th  

them t h e  p a r t  of t h e  Moon a c c e s s i b l e  to t e l e scop ic  study w i l l  

By t h e  end of f i s c a l  year  1967, prelimin- 
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F i n a l  map previously pub- 
l i shed  i n  color 

Preliminary uncolored map 
previously completed 

F ina l  map published o r  
i n  press  and summarized 

i n  t h i s  repor t  
Mapping is i n  progress 
i n  other quadrangles 
whose names are shown 

Preliminary uncolored map, 
t h i s  repor t  

Figure 1.--Index map of Moon showing s t a t u s  of geologic mapping a t  a 

scale of 1: 1,000,000. 
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Preliminary uncolored geologic Preliminary s t r u c t u r a l  map, 
map t h i s  r epor t  t h i s  r epor t  

Mapping i n  progress 

Figure 2.--Index map of Moon showing s t a t u s  of geologic mapping a t  a 
scale of 1:500,000. 
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have been completely mapped. Subsequent work, o the r  than prepara- 

t i o n  of the prel iminary maps f o r  publ ica t ion ,  w i l l  be based on 

Lunar Orb i t e r  da ta .  

Sec t ion  I 

The f i r s t  sec t ion  includes geologic  summaries of e i g h t  quad- 

rangles  t h a t  were published o r  i n  p re s s  during the  cu r ren t  r epor t  

period and immediately the rea f t e r .  These include P i t a t u s ,  by 

N. J. Trask and S. R. T i t l e y ;  Mare S e r e n i t a t i s ,  by M. H. Carr: Mare 

Humorum, by S. R. T i t l e y ;  Hevelius,  by J. F. McCauley; Copernicus, 

by H. H. Schmit t ,  N. J. Trask, and E. M. Shoemaker; Seleucus,  by 

H. J. Moore; J u l i u s  Caesar, by E. C. Morris and D. E. Wilhelms; 

and Mare Vaporum, by D. E. Wilhelms. 

Three of the quadrangles--Copernicus, Mare Vaporum, and J u l i u s  

Caesar--are i n  t h a t  p a r t  of the equa to r i a l  b e l t  t h a t  includes poten- 

t i a l  t a r g e t s  f o r  e a r l y  Apollo missions. Many Lunar Orb i t e r  photo- 

graphs of these  areas were obtained a f t e r  t e l e scop ic  mapping had 

been completed. Many of t he  geologic u n i t s  and s t r u c t u r e s  i n  these 

th ree  quadrangles and i n  an  ad jacent  one--Mare Sereni ta t i s - -were  

s tud ied  i n  e a r l y  lunar  geologic work and formed the  b a s i s  f o r  much 

of the lunar  s t r a t i g r a p h i c  column. S t ruc tu res  and s t r a t i g r a p h i c  u n i t s  

r e l a t e d  t o  the bas in  of Mare Imbrium are dominant. The e a r l y  i n t e r -  

p r e t a t i o n  of the Fra  Mauro Formation as impact ejecta from the  

Mare Imbrium bas in  is  apparent ly  s t i l l  va l id .  A widespread u n i t  

o lde r  than the  mare material i s  l i g h t  plains-forming material (Cayley 

Formation) , which may be i d e n t i c a l  i n  composition and o r i g i n a l  

albedo with mare material b u t  i s  now b r i g h t e r  because of more in tense  

c ra t e r ing .  The p r i n c i p a l  new r e s u l t s  from the  most recent  mapping 

of the four  quadrangles concern u n i t s  younger than the mare material 

of the  Procellarum Group, i n  the  Eratosthenian and Copernican Systems. 

Some of these  younger u n i t s  are probably composed of vo lcanic  materials, 

and lunar  volcanism seems t o  have continued i n t o  r e l a t i v e l y  r ecen t  

t i m e s .  One such young volcanic  u n i t  i s  a dark  terra-mantl ing u n i t ,  
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Sulp ic ius  Gallus Formation, t h a t  w a s  p rev ious ly  i n t e r p r e t e d  as an 

i n t r i n s i c a l l y  dark  f a c i e s  of t he  F ra  Mauro Formation but i s  now 

believed t o  be composed of p y r o c l a s t i c  material. 

t i o n  of the Su lp ic ius  Gal lus  appears t o  span t h e  Imbrian-Eratosthenian 

boundary. 

The time of fonna- 

Many dark-halo craters of probable  volcanic  o r i g i n  l i e  

wi th in  t h e  Su lp ic ius  Gal lus  Formation. 

material i n  the Mare Vaporum quadrangle are younger than t h e  Pro- 

cel larum Group, and s i m i l a r  u n i t s  i n  t h e  o t h e r  areas may be post-  

Imbrian i n  age. 

non-mare volcanic  materials occur near  bas in  margins, which may 

the re fo re  be among the  most r e c e n t l y  active lunar  vo lcanic  zones. 

The ex i s t ence  of r e l a t i v e l y  o ld  marel ike l i g h t  plains-forming 

m a t e r i a l s  and of r e l a t i v e l y  young da rk  ones casts doubt on an 

e a r l i e r  hypothesis of a s i n g l e  episode of mare formation. 

Some da rk  u n i t s  of mare 

Most of t hese  da rk  mare materials as w e l l  as young 

New d a t a  have a l s o  been gathered about crater materials. 

anomalies a t  e c l i p s e  measured by Boeing S c i e n t i f i c  Research Labora- 

t o r i e s  seem t o  c o r r e l a t e  f a i r l y  w e l l  wi th  age criteria developed 

previously by the  Geological Survey. 

monly observed i n  craters t h a t  have e i t h e r  b r i g h t  r ays  o r  dark  

ha los  and t h a t  have been assigned t o  t h e  Copernican System, and 

low anomalies i n  c r a t e r s  t h a t  have moderate-albedo r i m  material 

Thermal 

High anomalies are most com- 

and no d i s c r e t e  r ays  o r  very f a i n t  r ays  and so have been designated 

Eratosthenian. This apparent  c o r r e l a t i o n  has  been used t o  d a t e  

craters whose albedo p r o p e r t i e s  are n o t  c l e a r l y  age r e l a t e d ,  such 

as c r a t e r s  t h a t  have b r i g h t  r i m  material bu t  l a c k  d e t e c t a b l e  

d i s c r e t e  rays. 

criteria have previously been lacking a l s o  have high anomalies and 

thus are presumably young. Some light-rimmed c r a t e r s  on terra 

have low anomalies, whereas some c r a t e r s  wi th  r i m s  of moderate 

albedo on mare have high anandies ,  suggesting t h a t  source material 

has  an e f f e c t  on t h e  albedo of r i m  material. Detailed s t u d i e s  on 

super ior  full-Moon photographs of t h e  albedo p a t t e r n  of Copernicus 

have a l s o  shown a dependence o f  albedo on source rock. 

Severa l  probable volcanic  craters f o r  which age 
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Two quadrangles--Pitatus and Mare Humorum i n  t h e  southwest 

p a r t  of t he  Moon-cover t h e  Humorum bas in ,  p a r t  of Mare Nubium, 

and a s m a l l  p a r t  of the  southern lunar highlands. Materials i n  

t h i s  area cannot be d i r e c t l y  dated relative t o  t h e  Fra  Mauro 

Formation, but most are considered pre-Imbrian because of the 

high dens i ty  of superposed l a rge  craters. The Humorum basin i s  

in t e rp re t ed  as pre-Imbrian i n  age because of t h i s  high dens i ty  of 

c r a t e r s  on i t s  rim and because i t s  r i m  and r e l a t e d  pe r iphe ra l  

s t r u c t u r e s  are subdued relative t o  analogous s t r u c t u r e s  of the 

Imbrium basin. The Humorm bas in  i s  surrounded by hummocky 

material t h a t  resembles t h e  Fra Mauro Formation and may be e j e c t a  

from an impact t h a t  c rea ted  the  Hmorum bas in ;  t h e  material i s  

named the  V i t e l l o  Formation. Two p a r t l y  interbedded u n i t s  i n  the  

Humorum and P i t a t u s  quadrangles are younger than t h e  Humorum bas in  

but o lde r  than t h e  mare material of t h e  Procellarum Group t h a t  f i l l s  

t h i s  basin.  One u n i t  i s  composed of c r a t e r  materials (Gassendi 

Group) and t h e  o the r  of l i g h t  plains-forming materials. The 

Gassendi Group probably inc ludes  pre-Imbrian as w e l l  as Imbrian 

c r a t e r s  because Gassendi Group craters are more numerous than the  

analogous Archimedes-type craters of  Imbrian age i n  t h e  Imbrium 

basin.  The l i g h t  plains-forming material i s  similar t o  t h e  Cayley 

Formation of Imbrian age i n  and near t h e  Imbrium bas in ,  bu t  t h e  

material i n  Humorum can be dated no more c l o s e l y  than pre-Imbrian 

o r  Imbrian. A younger u n i t  of interest i s  t h e  Doppelmayer Forma- 

t i o n ,  a dark blanketing u n i t  much l i k e  the  Sulp ic ius  Gallus Forma- 

t i o n  i n  the  c e n t r a l  p a r t  of t h e  Moon and probably of t h e  same age. 

The Hevelius quadrangle, a t  the  west border of Oceanus Pro- 

cel larum and ad jacent  t o  t h e  equator,  inc ludes  th ree  d i s t i n c t  topo- 

graphic provinces. 

sive c ra t e red  terra t h a t  extends ou t s ide  t h e  quadrangle t o  Mare 

O r i e n t a l e  and may be covered by a blanket of impact ejecta from 

the  O r i e n t a l e  basin.  This blanket,  t h e  Hevelius Formation, i s  

t h i n  i n  t h e  quadrangle and only p a r t l y  subdues l a r g e  f e a t u r e s  such 

as the c r a t e r  Hevelius. The second province, i n  t h e  cen te r  of 

The westernmost province i s  p a r t  of an exten- 
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t h e  quadrangle, i s  t h e  mare p l a i n  of Oceanus Procellarum. Two 

mare u n i t s  have been mapped: a l i g h t e r  one of t h e  Procellarum 

Group and a darker  one t h a t  i s  very  l i k e l y  younger than the Pro- 

cellarum and t h a t  could be Era tos thenian  o r  Copernican. The 

t h i r d  province, i n  t h e  no r theas t ,  Is an undulating p l a t eau  upon 

which domes of two types and ages--older low domes and younger 

s t eep  ones--are superposed; t h e  p la teau-  and dome-forming materials 

are c a l l e d  t h e  Marius Group and assigned an Eratosthenian age. 

a d d i t i o n a l  u n i t  of i n t e r e s t  i s  a t h i n  dark blanketing u n i t ,  t h e  

Cavalerius Formation of Copernican age, which covers p a r t s  of t h e  

f i r s t  and second provinces and i s  t h e  u n i t  on which the  Sovie t  

spacec ra f t  Luna 9 may have landed. 

An 

The p r i n c i p l e  f e a t u r e  of t he  Seleucus quadrangle, i n  t he  

northwest quadrant of the Moon and no r th  of t h e  Hevelius quadrangle, 

i s  the Ar is ta rchus  p la teau ,  The most widespread u n i t  on t h e  

p l a t eau ,  t h e  V a l l i s  SchrGteri  Formation of Eratosthenian and 

Copernican age, i s  probably of vo lcanic  o r i g i n .  This u n i t  w a s  

recognized earlier i n  the  ad jacent  Ar is ta rchus  quadrangle and 

has  been subdivided i n  the  Seleucus quadrangle. The p r i n c i p l e  

members are a hummocky u n i t  believed t o  r e s u l t  from superpos i t ion  

of t h i n  cover on o lde r  t e r r a i n  and a younger dark smooth p l a ins -  

forming member t h a t  f i l l s  depress ions  i n  the  hummocky member - 
Three types of landforms t h a t  are probably vo lcan ic  cons t ruc t iona l  

f e a t u r e s  are a l s o  present  and are p a r t  of t h e  formation. Some 

t e r r a i n  mapped i n  t h e  Ar is ta rchus  quadrangle as Fra Mauro Forma- 

t i o n  i s  now i n t e r p r e t e d  as V a l l i s  Schrb'teri Formation. 

o ther  u n i t s  of t he  p la teau- - the  Harbinger Formation and ma te r i a l s  

forming the  sinuous r i l l e  V a l l i s  Schrb'teri and i t s  domelike source 

t h e  Cobra's Head--are a l s o  of probable volcanic  o r i g i n  and are 

r e l a t i v e l y  young, t h e  p l a t eau  i s  c e r t a i n l y  one of t he  most r e c e n t l y  

active volcanic reg ions  on the  Moon and may s t i l l  be a c t i v e  today. 

A c lea r - cu t  example of very  young m a r e  material, apparent ly  

extruded from a long s t r a i g h t  f r a c t u r e ,  i s  p resen t  on the  south- 

east f l ank  of t he  Copernican crater Lichtenberg, where dark  mare 

material has  covered t h e  crater's e j e c t a  and rays .  

Since 

14 



Sect ion  I1 

The f i r s t  two papers i n  s e c t i o n  two are t o p i c a l  s tud ie s .  

I n  one, G.  I. Smith desc r ibes  several c h a r a c t e r i s t i c s  shared by 

two young f a u l t  grabens i n  southeas t  Ca l i fo rn ia  and t h e  lunar 

r i l l e s  R i m a  Ariadaeus and R i m a e  Hypatia I and 11. The bounding 

scarps  presumably r e f l e c t  t he  p a t t e r n s  of f a u l t s  on the  margins 

of t he  lunar r i l l es ,  as they do i n  t h e  terrestrial grabens. The 

scarps  a r e  sinuous i n  d e t a i l  but s t r a i g h t  i n  o v e r a l l  t rend,  and 

those  on oppos i te  s i d e s  tend t o  be e q u i d i s t a n t  and parallel  

throughout t h e i r  length. The boundary f a u l t s  are no t  continuous 

s i n g l e  f r a c t u r e s  but  a series of n e a r l y  a l i n e d ,  overlapping en 

echelon f r a c t u r e s .  The abso lu te  dimensions and propor t ions  of 

the r i l l e s  and grabens a r e  mostly d i f f e r e n t ,  bu t  t h e  width-to-depth 

r a t i o s  i n  a l l  t h e  f e a t u r e s  are s i m i l a r .  The lunar as w e l l  as the 

t e r r e s t r i a l  f e a t u r e s  are probably grabens produced by an extension 

of the c r u s t ,  though the  fundamental cause of the extension may 

vary  with each graben. The lunar r i l l es  are probably t ec ton ic ,  

which means t h a t  moonquakes may occur during t h e i r  formations. 

Moreover, because t h e  lunar  grabens have d i f f e r e n t  ages,  ex t en t ,  

and o r i e n t a t i o n ,  t h e  lunar  stress and s t r a i n  f i e l d s  apparent ly  

migra te ,  and t h i s  implies a mobile subc rus t a l  zone. The r i l les  

are of a d d i t i o n a l  i n t e r e s t  because t h e i r  w a l l s  may provide 

exposures of s t r a t i f i e d  bedrock. 

I n  the  second t o p i c a l  study, S. R.  T i t l e y  d i scusses  the  

p o s s i b i l i t y  t h a t  s e i s m i c  a c t i v i t y  may have ac ted  i n  conjunct ion 

with o the r  agents ,  such as micrometeori tes  and secondary d e b r i s  

e j ec t ed  from c r a t e r s ,  t o  modify and erode t h e  lunar surface.  He  

eva lua te s  the  poss ib l e  sources of lunar  s e i smic i ty  and concludes 

t h a t  a c t i v i t y  wi th  s u f f i c i e n t  energy t o  a f f e c t  t he  su r face  

morphology of loose materials could be produced by impact events  

a lone  but  t h a t  endogenous se i smic i ty  may a l s o  be present .  

r e s u l t  of impact s e i smic i ty  i s  the  a c c e l e r a t i o n  of e ros iona l  

processes through compaction, shaking, and lateral and downslope 

m a s s  movement. By means of a s impl i f i ed  formula from s o i l  

mechanics, Ti t ley has  ca l cu la t ed  t h e  a c c e l e r a t i o n s  requi red  t o  

The 
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s t a r t  movement on slopes of var ious  angles.  Crater forms and the  

sur face  t e x t u r e  shown on the  Ranger photographs s t rong ly  suggest,  

by t e r r e s t r i a l  analogy, t h a t  modi f ica t ion  of t he  sur face  by 

slumping, creep, and d i f f e r e n t i a l  compaction has occurred. 

Three papers d i scuss  r e s u l t s  of prel iminary mapping of the 

P l a t o ,  Cass in i ,  and J. Herschel quadrangles i n  the  northwest 

p a r t  of the Moon. 

t he  Mare Imbrium bas in  and i t s  pe r iphe ra l  s t r u c t u r e s .  Maps of two 

a d d i t i o n a l  quadrangles, Riimker and Sinus Iridum, a r e  included i n  

the supplement. This reg ion  i s  a t  a d i s t a n c e  from the  cen te r  of 

t h e  Imbrium bas in  comparable to  t h a t  of reg ions  i n  which lunar 

s t r a t i g r a p h i c  u n i t s  were f i r s t  recognized and i n  which most of 

t h e  previous yea r s '  mapping e f f o r t s  have been concentrated.  

The area covered inc ludes  the  nor thern  h a l f  of 

J .  W .  M'Gonigle and D.  L. Schle icher ,  mapping the  P la to  quad- 

r ang le ,  and N .  J Page, mapping the  Cass in i  quadrangle, recognize 

hummocky t e r r a i n  s imi l a r  t o  t h a t  mapped as the Fra  Mauro Formation 

i n  the  areas t o  t h e  south but f ind evidence t h a t  t he  morphology of 

much of t h i s  nor thern  t e r r a i n  i s  of s t r u c t u r a l  as w e l l  as of 

depos i t i ona l  o r ig in .  There a r e  fewer s t r u c t u r e s  of t h e  Imbrian 

r a d i a l  system (Imbrian scu lp tu re )  i n  t h e  no r th  than i n  t h e  south. 

L ight  plains-forming material similar t o  the  Apennine Bench Forma- 

t i o n  and dark plains-forming m a r e  material are a l s o  p re sen t ,  and 

the  age r e l a t i o n  of most occurrences i s  l i k e  t h a t  determined i n  

o the r  areas: the darker u n i t s  are t h e  younger ones. 

The Cass in i  quadrangle covers a low a rea  between t h e  Montes 

Caucasus and t h e  Montes Alpes t h a t  i s  c r i t i c a l  for  a determinat ion 

of t he  r e l a t i o n  between t h e  major southern and nor thern  pe r iphe ra l  

s t r u c t u r e s  concent r ic  t o  the  Imbrium bas in .  The Alpes and Caucasus- 

Apennines have been described by some a s  p a r t  of t he  same s t r u c t u r e  

t h a t  has been o f f s e t  by s t r i k e - s l i p  f a u l t i n g  i n  the gap. Page 

shows t h a t  t h i s  i s  un l ike ly  because s t r u c t u r e s  i n  the  gap a r e  

mostly normal f a u l t s .  The Alpes probably r ep resen t  t he  same 

s t r u c t u r e  a s  t he  rugged t e r r a  on the south s i d e  of Archimedes, 

and the gap r ep resen t s  a cont inua t ion  of t he  low she l f  between 

t h i s  rugged t e r r a  and the  Montes Apenninus. 
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G .  E .  Ulr ich,  mapping the  J. Herschel quadrangle, has 

observed dark ma te r i a l s  t h a t  appear to  be young volcanics .  These 

ma te r i a l s  have a l s o  been observed i n  the P la to  and Cassini  quadrangles, 

Page has  found t h i n  dark materials covering b r i g h t  s lopes which have 

long been believed t o  be s i tes  of r e l a t i v e l y  r ecen t  exposure of f r e s h  

mater ia l s .  Ul r ich  compares the  r i m s  of probable source c r a t e r s  of 

the  dark materials with the  r i m s  o f  t e r r e s t r i a l  c r a t e r s  and concludes 

tha t  r e l a t i v e l y  more py roc la s t i c  material was e j ec t ed  from the  lunar 

c r a t e r s  than from the  P inaca te  c r a t e r s  of northern Mexico, which 

have col lapsed ex tens ive ly .  Other lunar  c r a t e r s  t h a t  l ack  dark  

ha los  o r  have l o w  r i m s  a r e  probably more l i k e  the  Pinacate  c r a t e r s .  

The supplement includes maps of two quadrangles , Maurolycus 

and Rheita,  i n  t he  southeast  quadrant of t he  Moon. This i s  an a rea  

of complex s t r u c t u r e ,  d i s t a n t  from known mare bas ins ;  thus,  s t r a t i -  

graphic r e l a t i o n s  a r e  d i f f i c u l t  to  determine. A sequence of r e l a -  

t i v e  age can be  derived fo r  c r a t e r  ma te r i a l s  on the  bas i s  of apparent 

f reshness ,  and an age sequence f o r  plains-forming ma te r i a l s  can be 

derived on the  b a s i s  of dens i ty  of superposed c r a t e r s ;  however, the  

two kinds of  ma te r i a l s  can be r e l a t e d  only loca l ly .  Rugged t e r r a  

ma te r i a l s  are of unknown o r i g i n  and age, though some may be r e l a t e d  

to very old obscure bas in l ike  s t r u c t u r e s .  The s t r a t i g r a p h i c  u n i t s  

recognized i n  these a reas  have only t e n t a t i v e l y  been co r re l a t ed  with 

the  standard lunar t ime-s t ra t igraphic  systems, whose type a reas  a r e  

i n  the  v i c i n i t y  of Mare Imbrium. 

Three quadrangles a t  a s c a l e  of 1:500,000 a r e  included i n  the 

map supplement. The program of mapping 1:500,000 quadrangles i s  

l a rge ly  experimental: (1) i t  t e s t s  poss ib le  advantages i n  po r t r aya l  

of geology a t  the  l a rge r  s c a l e ,  (2)  i t  t e s t s  the  degree t o  which 

te lescopic  da t a  can be extended t o  l a rge r  s c a l e s ,  and ( 3 )  i t  gives  

new mappers the opportuni ty  t o  devise new s t r a t i g r a p h i c  conventions 

and t o  express new i n t e r p r e t a t i o n s .  One innovat ion i s  the  omission 

of system des igna t ions  (Imbrian, Eratosthenian,  Copernican); t he  

columnar sec t ions  show l o c a l  rock-s t ra t igraphic  u n i t s  uncorrelated 

with Noon-wide t ime-s t ra t igraphic  u n i t s .  However, most of the  rock 
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u n i t s  t h a t  have been recognized a r e  similar to  those recognized 

i n  1:1,000,000 mapping. 

I n  a d e t a i l e d  study of l i n e a r  s t r u c t u r e s  i n  the Triesnecker- 

Hipparchus reg ion  using ACIC 1:500,000-scale base c h a r t s  (shown 

i n  t e x t  f i g u r e s ,  no t  i n  t h e  supplement), T. W.  Of f i e ld  has  defined 

and i n t e r p r e t e d  probable r e l a t i o n s  of  s t r u c t u r e s  t o  mare bas ins ,  

t o  a lunar g r i d ,  and t o  o the r  r eg iona l  s t r u c t u r e s .  Many s t r u c t u r e s  

t h a t  are r a d i a l  and concent r ic  t o  the  Imbrium bas in  and r a d i a l  t o  

t h e  S e r e n i t a t i s  bas in  are p resen t ,  and some may be r a d i a l  t o  Tran- 

q u i l l i t a t i s  and Nectar i s .  Genetic r e l a t i o n  to  the  bas ins  i s  implied 

by the  geometric r e l a t i o n s ,  though t h i s  cannot be proved i n  t h i s  

r e s t r i c t e d  area. Many remaining s t r u c t u r e s  are p a r t l y  r e l a t e d  to  

a previously recognized lunar g r i d ,  bu t  t h e  peak azimuths d i f f e r  

i n  t h i s  area from t h a t  g r i d .  

g r i d  s t r u c t u r e s  shows t h a t  earlier explana t ions  i n  t e r m s  of Moon- 

wide s t r e s s e s  are no t  s a t i s f a c t o r y .  Other s t rong  systems, t h a t  

may not  be p a r t  of  a Moon-wide g r i d ,  are one t h a t  t rends  N. Oo-l5O E. 

and another t h a t  t rends  wi th in  15" of E.- W. 

r e l a t i v e l y  young and may r e s u l t  from r e l a t i v e l y  late r eg iona l  

tens ion  t h a t  d i f f e r s  from earlier stress f i e l d s  and may be indepen- 

den t  of any Moon-wide stresses. This conclusion i s  similar t o  t h a t  

advanced by G. I. Smith and p o i n t s  t o  change and migrat ion of t he  

lunar  stress and s t r a i n  f i e l d s .  

Deta i led  examination of t h e  poss ib l e  

These systems are 

Sec t ion  I11 
The s t u d i e s  discussed i n  s e c t i o n  t h r e e ,  "Lunar and Plane tary  

Physics," encompass a l l  of t r a d i t i o n a l  astronomy and as t rophys ics  

t h a t  p e r t a i n s  to  p l ane t s  and s a t e l l i t e s  whose v i s i b l e  sur faces  con- 

s i s t  of ma te r i a l s  p a r t l y  o r  wholly i n  the s o l i d  phase. As such, 

some of the s t u d i e s  bear an engineering r e l a t i o n s h i p  t o  ex t r a -  

t e r r e s t r i a l  geologic mapping, whereas o the r s  a r e  d i r ec t ed  toward 

s o l u t i o n  of c e r t a i n  phenomenological problems of astronomy. Ex- 

amples of the f i r s t  category a re :  (1) development of techniques 

f o r  s p a t i a l  f i l t e r i n g  of imagery; (2) t e s t i n g  app l i ca t ion  of moirg 



p a t t e r n s  t o  study of t e r r a i n  l i n e a t i o n s ;  ( 3 )  development techniques 

f o r  employing photoclinometry i n  t e r r a i n  a n a l y s i s ;  and ( 4 )  mapping 

the absolu te  normal albedo of the moon. The o t h e r  category includes 

observa t iona l  and t h e o r e t i c a l  s t u d i e s  of the  thermal in f r a red  

emission of the lunar  nighttime surface.  The study of the moon's 

p o l a r i z a t i o n  p rope r t i e s  has a p p l i c a t i o n  i n  both areas. 

The ear l ies t  theo r i e s  of the luna r  h e a t  flow from d i u r n a l  in- 

s o l a t i o n  of the Moon's sur face  cons is ted  of a system of equations 

descr ib ing  ordinary hea t  conduction and a boundary equation con- 

serv ing  s o l a r  r a d i a t i v e  power input. More r ecen t  a t t e m p t s  t o  in -  

corpora te  in t e rg ranu la r  r a d i a t i o n  i n t o  the problem have cons is ted  

o f  the in t roduct ion  of an  a d d i t i v e  term i n  the thermal conduct iv i ty ,  

p rev ious ly  held cons t an t ,  which i s  propor t iona l  t o  the  cube of the  

t empera tu re .  R. L. Wildey demonstrates t h a t  t h i s  approach i s  i n  

genera l  adequate only when the  r a d i a t i o n  f i e l d  is i so t rop ic .  The 

system of equations desc r ib ing  the  genera l  problem of hea t  con- 

duc t ion  p lus  in t e rg ranu la r  r a d i a t i o n  near a boundary is  der ived.  

The s o l u t i o n  of t he  equations is s t i l l  under study. Thei r  ap- 

p l i c a b i l i t y  t o  the  lunar  su r face  rests on the  assumption t h a t  the  

s u r f i c i a l  material i s  s u f f i c i e n t l y  f i n e  grained t h a t  a unique 

temperature can be defined wi th in  a volume u n i t  whose proportioning 

between conduction and r a d i a t i o n  is  c lose  t o  a s t a t i s t i c a l  average, 

thus a f fo rd ing  treatment of the  lunar  s o i l  as a continuum. 

N .  J.  Trask p resen t s  the  r e su l t s  of measurements of the degree 

of p o l a r i z a t i o n  of l i g h t  from 24 po in t s  on the  Moon's sur face  as 

a cont inua t ion  of a program of determination of the  p o l a r i z a t i o n  

p rope r t i e s  of lunar  geologic un i t s .  Forty-four po in t s  have now 

been measured. Chief i n t e r e s t  a t t a c h e s  t o  u n i t s  wi th  lowest a l -  

bedo; gene ra l ly ,  they have the  h ighes t  and g r e a t e s t  range of 

maximum p o l a r i z a t i o n  values .  However, the  p o l a r i z a t i o n  values of 

some of these  u n i t s  are the  same as o r  lower than those of nearby 

higher albedo u n i t s ,  which sugges ts  t h a t  maximum p o l a r i z a t i o n  

depends on some f a c t o r  i n  a d d i t i o n  t o  albedo, probably g r a i n  s i z e .  

The Surveyor I landing s i t e  is  notab le  i n  having the  h ighes t  
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maximum p o l a r i z a t i o n  of any poin t  measured. 

R. L. Wildey has begun a developmental program i n  the s p a t i a l  

f i l t e r i n g  of images whose immediate goal  i n  t h i s  r epor t  period has 

been the removal of the l i n e  p a t t e r n  i n  photographed video without  

the l o s s  of information o r  the in t roduct ion  of spurious e f f e c t s .  

A primary problem i n  devis ing  o p t i c a l  systems which a l te r  the  

r e l a t i v e  harmonic c o e f f i c i e n t s  i n  a two-dimensional Four ie r  i n t e g r a l  

representa t ion  of a photograph (considered as a func t iona l  form 

of br ightness  versus  two space coordinates)  i s  presented by the 

coherence of the l i g h t  sources used t o  ob ta in  a plane waveform. 

A Four ie r  series is t runcated by the  f i n i t e  entrance pup i l  of the 

of the o p t i c a l  processing system. The r ing ing  e f f e c t s  t h a t  r e s u l t  

prevent app l i ca t ion  of the  technique t o  imagery. 

b u i l t  t o  a l leviate  t h i s  problem, and it has been used success fu l ly  

i n  the processing of Ranger spacec ra f t  imagery of the  lunar  surface.  

Only a very p a r t i a l  des t ruc t ion  of coherence is  d e s i r a b l e  i n  order  

t o  avoid information loss. Other app l i ca t ions  of s p a t i a l  f i l t e r i n g  

t h a t  are being s tudied  include see ing  compensation, l i n e a t i o n  sup- 

press ion  and enhancement, and s e l e c t i o n  and loca t ion  from imagery 

of predetermined geometric forms. 

A device has been 

David Cummings and H. A. Pohn have inves t iga ted  the app l i ca t ion  

of moir: p a t t e r n s  t o  photogeology. By superposing a ronchi  sc reen  

over lunar  photographs, lineaments inherent  i n  the  photographs are 

enhanced. Rotat ing the  screen reveals the var ious  lineaments 

present .  This technique provides a rap id  and inexpensive method 

f o r  de t ec t ion  of s u b t l e  lineaments. 

A. J. Swartz i s  working on an improved system f o r  processing 

photoclinometric data .  The primary goa l  of t h i s  system i s  t o  

maximize the r a t i o  of work done by the  computer relative t o  manual 

reduction. This i s  achieved by a s t a t i s t i ca l  s o r t i n g  of the c a l i -  

b r a t i o n  d a t a  e n t i r e l y  on the  computer i n  place of c u r r e n t l y  employed 

manual ca l ib ra t ion .  

A map of the  thermal su r face  br ightness  of lunar  regions 

darkward of the sunset  terminator ,  toge ther  with a c h a r t  showing 
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the  pos i t i on  of a l a rge  number of nighttime hotspots ,  has r ecen t ly  

been made by te lescopic  reconnaissance i n  the  8-14p region by 

R. L. Wildey i n  co l l abora t ion  with B. C. Murray and J. A. Westphal 

of the  Ca l i fo rn ia  I n s t i t u t e  of Technology (Jour.  Geophys. Research, 

i n  press). I n  t h i s  annual r epor t ,  R. L. Wildey presents  nine 

add i t iona l  thermal anomalies and a morphological ana lys i s  of t he  

s i g n a l  p rope r t i e s  of these anomalies. The e x t r a c t i o n  of information 

by t h i s  process has been ca r r i ed  t o  the l i m i t  allowed by system 

noise. Attempts t o  rega in  the  cool ing curves of anomalies them- 

selves provide information suggest ive t h a t  the  anomalies are not  

a l l  vo lcanic ,  a f a c t  previously suspected b u t  never observed 

d i r e c t l y .  I n  add i t ion ,  i t  may be concluded t h a t  two ca tegor ies  

of anomalies are present  on the Moon's dark s i d e ,  no t  including 

"false"  anomalies of the  "delayed sunset" type i n  which sur face  

prominences a r e  i l luminated f o r  some t i m e  a f t e r  sunse t  on the  

s u r  round ing low lands. 

H. A. Pohn and R. L. Wildey have produced a map of the  normal 

albedo of the  Moon through the observat ion of real-time pho toe lec t r i c  

c a l i b r a t i o n  of many po in t s  on the Moon as it w a s  photographed a t  

a phase angle  of 1%". The pho toe lec t r i c  observat ions are on the  

Johnson-Morgan UBV system. 

b ina t ion  used i s  a poorer approximation t o  the  Johnson Y magnitude 

s p e c t r a l  bandpass than t h a t  commonly used f o r  stellar photographic 

V. However, the  spectroscopic  emulsion used i n  the  stellar case i e  

unnecessar i ly  grainy and too f a s t  f o r  a photometric exposure under 

present  l imi t a t ions .  The uniformity of co lor  of the  Moon, however, 

is much g rea t e r  than t h a t  of a f i e l d  of stars. I n s i g n i f i c a n t  

e r r o r s ,  due t o  co lo r  e f f e c t s ,  are therefore  introduced upon c a l i -  

b ra t ion .  The p l a t e  w a s  brush developed t o  ensure high uniformity 

i n  spat ia l  response. The photographic p l a t e  w a s  t ranscr ibed  as 

a dens i ty  map a t  a s c a l e  of 1:5,000,000 using a Joyce-Loebl Beck- 

man Whitley combination densitometer and code t r ace r .  The random 

e r r o r  across  the  map is  about 1 percent.  

The photographic emuls ion- f i l t e r  com- 
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Sect ion  I V  

The fou r th  s e c t i o n  of P a r t  A ,  by D. E. Wilhelms, summarizes 

the r e s u l t s  of the  lunar  geologic  mapping program of the  Geological 

Survey as of mid-1966. Included are geologic  r e s u l t s  of mapping 28 

quadrangles i n  the e q u a t o r i a l  b e l t  by t e l e scop ic  means a t  a scale 

of 1:1,000,000. Not included are the r e s u l t s  of mapping a t  l a r g e r  

scales from Lunar Orb i t e r  photographs. The paper d iscusses  nea r ly  

a l l  s t r a t i g r a p h i c  u n i t s  which appear on pre l iminary  vers ions  of the 

28 maps and on f i n a l  vers ions  of 12 of these  t h a t  were published o r  

i n  press as of mid-1966. The paper a l s o  g ives  the  p r i n c i p l e s  under- 

l y ing  lunar  geologic  mapping and at tempts  t o  show how the geology of 

the Moon has been p a r t l y  worked out  before  man sets f o o t  on i t s  

sur f  ace. 

Areas are mapped t h a t  are in t e rp re t ed  as the sur face  expres- 

s ion  of underlying three-dimensional rock - s t r a t ig raph ic  uni t s .  The 

rock u n i t s  are arranged i n  order  of relative age i n  a s t r a t i g r a p h i c  

column. The column is  divided p rov i s iona l ly  i n t o  fou r  p a r t s :  pre- 

Imbrian materials, and the  Imbrian, Era tos thenian ,  and Copernican 

Systems. 

formed t h a t  are now subdued, heavi ly  c ra t e red  and f a u l t e d ,  and 

p a r t l y  o r  completely buried by younger materials. The Imbrian Period 

began wi th  the formation of the  Imbrium bas in ;  the  youngest bas in ,  

Or i en ta l e ,  formed later i n  t h i s  period. I n  Imbrian and a l s o  

probably pre-Imbrian t i m e ,  the  bas ins  , t h e i r  pe r iphe ra l  s t r u c t u r e s  , 
l a rge  c r a t e r s ,  and o t h e r  depressions were f i l l e d  by plains-forming 

materials t h a t  are now l i g h t  (moderate t o  high albedo) and are 

probably composed l a r g e l y  of volcanic  flows. 

ous ly  with emplacement of the  plains-forming materials, the rerrae 

w e r e  mantled by r e l a t e d  materials t h a t  are now l i g h t ,  probably pyro- 

c las t ics  and mass-wasted debr i s .  Toward the  end of the Imbrian 

Period a g r e a t  volume of dark plains-forming materials (mare mater ia l s )  

nea r ly  completed f i l l i n g  of the o lde r  depressions,  and dark  materials 

mantled the terra i n  some places.  A l l  through the  Imbrian Period 

I n  pre-Imbrian t i m e  many l a rge  craters and mare bas ins  

Poss ib ly  simultane- 
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craters formed, and many of these are p a r t l y  buried by l i g h t  and 

dark  plains-forming and terra-mantl ing materials. I n  the 

Eratosthenian and Copernican per iods a d d i t i o n a l  dark  plains-forming 

and terra-mantl ing materials formed, though probably i n  lesser 

q u a n t i t i e s  than i n  the Imbrian, and o the r  materials formed domes 

and o the r  f e a t u r e s  with i n t r i n s i c  p o s i t i v e  relief.  Craters 

formed i n  these per iods are r ay le s s  (p rov i s iona l ly ,  Eratosthenian) 

and l i g h t  rayed o r  dark  haloed (p rov i s iona l ly ,  Copernican). It 

i s  concluded t h a t  the lunar  c r u s t  i s  l a r g e l y  a succession of i n t e r -  

s t r a t i f i e d  plains-forming materials of vo lcanic  o r i g i n ,  r e l a t i v e l y  

t h i n  mantling materials of mixed o r i g i n ,  and crater materials pre- 

dominantly of impact or ig in .  
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SUMMARY OF PART B 

I n  a f i n a l  r e p o r t  on the  d e t a i l e d  f i e l d  inves t iga t ion  of the 

Flynn Creek s t r u c t u r e  i n  east  Tennessee, D. J. Roddy concludes t h a t  

the s t r u c t u r e  w a s  most l i k e l y  formed by the impact of a l a rge  meteor- 

i t e  o r  comet. The crater, which w a s  later f i l l e d  with Upper Devonian 

sha le ,  has as major s t r u c t u r a l  elements a zone of h ighly  deformed 

r i m  strata surrounding a crater-shaped depression and an u p l i f t e d  

m a s s  of i n t ense ly  deformed rock i n  i t s  center .  

F l a t -  lying Middle and Upper Ordovician l i m e s  tones surrounding 

the crater have been i r r e g u l a r l y  u p l i f t e d  30 t o  150 f e e t  i n  the  rim 

and are moderately t o  t i g h t l y  folded. Folding has caused as much as 

35 percent  r a d i a l  shortening. 

f a u l t s ,  t h r u s t  f a u l t s  and asymmetric a n t i c l i n e s ,  and syncl ines  and 

monoclines, a l l  approximateJ,y concent r ic  t o  the  c r a t e r  walls. P a r t  

of the southeas te rn  r i m  has been t h r u s t  up and away from the c r a t e r  

and p a r t l y  over r ides  a l a rge  t i l t e d  and folded graben. A chaot ic  

l imestone b recc ia  composed of material e j ec t ed  during formation of 

the crater now o v e r l i e s  the graben and covers p a r t  of the ground 

su r face  t h a t  w a s  p resent  when the crater w a s  formed. 

Types of r i m  deformation include normal 

The crater f l o o r  i s  under la in  by a chaot ic  l imestone b recc ia  

with fragments der ived from the  s a m e  rock u n i t s  now exposed i n  the 

r i m .  Fragments range i n  s i z e  from less than a f r a c t i o n  of an  inch 

t o  300-foot blocks. I n  the  cen te r  of  the crater a sequence of 

highly deformed Middle Ordovician l imestone and dolomite of the 

Stones River Group and Lower Ordovician l imestone and dolomite of 

the Knox Group rises near ly  300 f e e t  above the  crater f loor .  Knox 

strata are raised as much as 1,000 f e e t  above t h e i r  normal pos i t i on  

and l o c a l l y  conta in  s h a t t e r  cones. 

Breccia contac ts  with folded r i m  strata are sharp i n  some p a r t s  

of the r i m  but  are jumbled and grada t iona l  i n  o the r  pa r t s .  In tense  

twinning i n  c a l c i t e  is common i n  an i r r e g u l a r  zone a few f e e t  t o  
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s e v e r a l  hundred f e e t  wide ad jacent  t o  the crater w a l l  i n  t he  deformed 

r i m .  Microtwinned lamellae are common i n  the deformed calcite, and 

kink bands occur i n  some c r y s t a l s ,  

A t h i n  sequence of marine bedded b recc ia s  and dolomite was 
deposited i n  the crater during e a r l y  Late Devonian t i m e  and covered 

by the Chattanooga Shale,  the lower u n i t  of which is  300 f e e t  t h i c k  

i n  the crater. Lower Miss i s s ip i an  c h e r t  and limestone were later 

deposited i n  the  area. 

A search  f o r  high-pressure polymorphs and f o r  vo lcanic  o r  

m e t e o r i t i c  material w a s  unsuccessful. A d e t a i l e d  g r a v i t y  s tudy  

ind ica t e s  t h a t  no g r a v i t y  anomaly on the l e v e l  of 1 m i l l i g a l  i s  

assoc ia ted  with the c r a t e r  a t  Flynn Creek. Magnetic s t u d i e s  a l s o  

show t h a t  t he re  are no l a rge  magnetic anomalies a s soc ia t ed  with the 

s t r u c t u r e .  

S t r u c t u r a l  comparisons between Flynn Creek c r a t e r  and maars 

and diatremes show l i t t l e  o r  no s i m i l a r i t y  i n  types of deformation. 

Considerat ion of vo lcanic  gas-phrea t ic  e rup t ion  processes suggests 

t h a t  b r i t t l e  f r a c t u r e  should accompany c r a t e r i n g  with r e l a t i v e l y  

l i t t l e  fo ld ing  i n  the r i m  strata, unl ike  the deformation a t  Flynn 

Creek. S t r u c t u r a l  comparisons between Flynn Creek crater and c r a t e r s  

formed by me teo r i t e  impact, nuc lear  explosion, and chemical explosion 

show good agreement i n  nea r ly  a l l  types of deformation. 

formed, l a rge  chemical-explosion crater i n  Canada has both a c e n t r a l  

u p l i f t  and deformed rim very s i m i l a r  t o  those a t  Flynn Creek c r a t e r .  

Similarities i n  s t r u c t u r a l  deformation between shock-produced craters 
and Flynn Creek crater suggest an o r i g i n  by me teo r i t e  o r  comet impact. 

A r ecen t ly  

Deta i led  mapping of the S i e r r a  Madera s t r u c t u r e  i n  w e s t  Texas 

w a s  continued by H. G. Wilshire. L i tho logies  of Permian rocks a t  

and near S i e r r a  Madera w e r e  determined from f i e l d  s t u d i e s  and logs 

of deep d r i l l  holes. A new formation was found t h a t  is of postde- 

formation age.and is  composed of b recc ia  der ived  from a t  least two 

format ions. 
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Examination of t h i n  sec t ions  of S i e r r a  Madera brecc ias  revealed 

i n t e r n a l  s t r u c t u r e s  such as microsha t te r ing  and flow banding of 

the groundmass t h a t  i n d i c a t e  a deformational or ig in .  Megascopically 

s i m i l a r  b recc ias  from the Glass Mountains l ack  these f ea tu res  and 

are considered t o  be of sedimentary or ig in .  

S t r u c t u r a l  d a t a  from deep d r i l l  ho les  ind ica t e  about 1,000 f e e t  

of s t r u c t u r a l  r e l i e f  on the  Word-Leonard contac t  and about 200 f e e t  

on the  Leonard-Wolfcamp contac t  a t  S i e r r a  Madera. 

i nd ica t e  t h a t  a l l  p a r t s  of the  S i e r r a  Madera s t r u c t u r e  are u p l i f t e d  

above the  reg iona l  trend of the  formations. Two d r i l l  ho les  s t r add l ing  

the  ou te r  r i m  of the  s t r u c t u r e  penetrated a deep s t r u c t u r e  t h a t  is 

disp laced  l a t e r a l l y  from the  zone of maximum u p l i f t  a t  Sierra 

Madera. 

These da t a  a l s o  

The concept of a c e n t r a l  core  of megabreccia i n  the s t r u c t u r e  

is considered suspect  because p a r t  of the boundary of t h i s  core  is 

a recognizable formational  contac t  and the  charac te r  of deformation 

does not  change across  the  proposed boundary. 

A reconnaissance study of the  Manicouagan Lake s t r u c t u r e  i n  

Quebec w a s  made by S. H. Wolfe. Prel iminary mapping and petrographic  

s tud ie s  suggest t h a t  the  s t r u c t u r e  w a s  formed by impact. The t ex tu res  

of deformed rocks i n  the  area are similar t o  those produced by shock- 

loading rocks i n  the  laboratory.  

The materials i n  and around m i s s i l e  impact c r a t e r s  i n  cohesive 

materials are c l a s s i f i e d  by H. J. Moore i n  s i x  u n i t s  with d i f f e r i n g  

proper t ies :  t a r g e t  material, t h i ck  e j e c t a ,  t h i n  t o  discontinuous 

e j e c t a ,  t i l t e d  and broken t a r g e t  material, sha t t e red  t a r g e t  m a t e r i a l ,  

and s lope  material. 

Missile impact c r a t e r s  are the  same s i z e  as c r a t e r s  produced 

by chemical explosives  detonated a t  shallow depths  when the  k i n e t i c  

energy of the  m i s s i l e  equals  the TNT energy equiva len t  of the  explo- 

s ive .  However, f o r  m i s s i l e s  wi th  low s p e c i f i c  energ ies ,  the  comparison 

is probably not  va l id .  
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Larger blocks may be e j ec t ed  from l a rge r  craters i f  the  rocks 

are w e l l  indurated and r e l a t i v e l y  unfractured.  

H. J. Moore and F. G. Robertson s tudied  hyperveloci ty  impact 

craters i n  pumice. They found t h a t  the  sum of e j ec t ed  material and 

fragmented material removed from c r a t e r s  produced i n  pumice by 

hyperveloci ty  impact is propor t iona l  t o  the  momentum of the  p r o j e c t i l e  

and 1/8 power of the  r a t i o  of the  t a r g e t  dens i ty  and p r o j e c t i l e  

densi ty .  This r e s u l t ,  which may represent  a t r a n s i t i o n  from low 

ve loc i ty  t o  hyperveloci ty  phenomena, i s  i n  marked c o n t r a s t  with such 

da ta  on craters i n  most m e t a l s  and b a s a l t  which are e s s e n t i a l l y  

energy dependent. 

S ize  d i s t r i b u t i o n  and petrographic  s t u d i e s  are cons i s t en t  with 

the  r e s u l t s  and ind ica t e  t h a t  i r r e v e r s i b l e  energy lo s ses  due t o  

fragmentation and hea t ing  have produced the  momentum dependency 

of the  amount of e j ec t ed  material and fragmented material. 

Spal l ing  produces l a r g e r  c r a t e r s  than would be expected when 

the k i n e t i c  energy of the p r o j e c t i l e  exceeds a c e r t a i n  value. 

A new compilation of d a t a  on c r a t e r s  produced by explosives  was 

begun by F. G. Robertson using a format modified from the  most 

complete previous work. From t h i s  work and from o the r  sources ,  

da t a  on a t o t a l  of 1,246 c r a t e r s  have now been co l l ec t ed  f o r  

which there  i s  s u f f i c i e n t  information concerning the  explosive 

and the r e s u l t i n g  c r a t e r .  The information has been f u r t h e r  stand- 

ardized f o r  recording on punched cards ,  so t h a t  machine processing 

can be used f o r  s o r t i n g ,  p l o t t i n g ,  and computational purposes. 

Diagnostic c r i t e r i a  have been e s t ab l i shed  by E. C. T. Chao f o r  

progressive s tages  of impact metamorphism on the  b a s i s  of petro-  

graphic  work on material from Meteor Crater, Arizona; Ries c r a t e r ,  

Germ-; Lake Bosumtwi c r a t e r ,  Ghana; Wabar crater, Saudi Arabia;  

and the  Henbury craters , Aust ra l ia .  

Unique micros t ruc tures ,  s e l e c t i v e  phase t r a n s i t i o n s ,  formation 

of v i t r eous  phases without evidence of viscous flow o r  ves i cu la t ion ,  

high-pressure polymorphs, and o the r  evidence of extremely high 
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pressures  are considered t o  be c h a r a c t e r i s t i c  of hyperveloci ty  

me teo r i t e  impact metamorphism. 

E. C. T. Chao, E. J. Dwornik, and C. W. Merrill r epor t  the  

discovery of n icke l - i ron  spherules  i n  the Aouelloul g l a s s ,  which is  

assoc ia ted  with the  Aouelloul crater i n  Mauritania,  Africa. 

Analysis of the spherules  by e l e c t r o n  microprobe showed t h a t  they 

are me teo r i t i c  i n  o r ig in .  Their  occurrence i n  the  Aouelloul g l a s s  

is therefore  regarded as proof t h a t  the  g l a s s  i s  an i m p a c t i t e  of 

terrestrial o r i g i n  and t h a t  the  Aouelloul crater w a s  formed by 

impact of a meteori te .  

Poul te r  Laborator ies  of the  Stanford Research I n s t i t u t e  (T. J. 

Ahrens and D. D. Keough) and the  Branch of Astrogeology (D. J. 

Milton) have s t a r t e d  a cooperat ive program f o r  explosive shock 

experiments on rock outcrops from which samples can be recovered. 

F i e ld  experiments can be done on a l a r g e r  scale than labora tory  

experiments, thus permit t ing pressure  pulses  of longer durat ion.  

Moreover, the e l imina t ion  of shock r e f l e c t i o n s  from sample and 

conta iner  boundaries w i l l  a l low more p rec i se  c a l c u l a t i o n  of shock 

pressures  and temperatures. The cr i t ical  f a c t o r  i n  design of the  

experiment is p l a n a r i t y  of the  shock front .  Smear photography of 

the  detonat ion of the  prototype assemblies ind ica ted  t h a t  de tona t ion  

instantaneous wi th in  * lmicrosecond occurred over the e n t i r e  

explosive pad. The shock wave produced is s a t i s f a c t o r i l y  p lanar  t o  

be used i n  f i e l d  experiments. 

A s tudy of the inf luence of stress h i s t o r y  on low-temperature 

thennoluminescence of h a l i t e  and app l i ca t ions  of thermoluminescence 

techniques t o  geologic problems w a s  made by C. H. Roach. 

Elec t ron  t r aps  produced by s t r a i n  can produce low-temperature 

thermoluminescence i n  h a l i t e  which has been exposed t o  X-ray 

i r r a d i a t i o n  and heated from -196" t o  0°C. The t r aps  and assoc ia ted  

low-temperature thermoluminescence are r e l a t e d  to p l a s t i c  deformation 

of the  h a l i t e  caused experimentally by both low and high rates of 

appl ied  stress. F ie ld  s t u d i e s  show t h a t  high rates of s t r a i n  
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assoc ia ted  with nuc lear  and chemical explosions a l s o  produce low- 

temperature thermoluminescence i n  h a l i t e  which is  r e l a t e d  t o  the  

assoc ia ted  p l a s t i c  deformation. 

t h a t  deformation of the  h a l i t e  c r y s t a l s  is assoc ia ted  with the  

Single-crys tal X-ray s t u d i e s  show 

s tress- induced low- temperature thermoluminescence. 

The thermoluminescence techniques developed on t h i s  research 

program should have g r e a t  app l i ca t ion  to  the sc ience  of rock 

mechanics and, of course,  t o  numerous r e l a t e d  geologica l  problems. 

These techniques would be e s p e c i a l l y  w e l l  s u i t e d  t o  s tudy of 1) 

slow creep and p l a s t i c  deformation assoc ia ted  i n  o r i g i n  with l a rge  

earthquakes,  (2) p l a s t i c  deformation of rocks i n  areas severe ly  

deformed by var ious t ec ton ic  processes ,  and (3)  p l a s t i c  deformation 

i n  contact-metamorphosed rocks ad jacent  t o  some igneous in t rus ions  

and i n  r eg iona l ly  metamorphosed rocks. 

Moses Rock diatreme, i n  San Juan County, Utah, has been s tudied 

by Thomas R. McGetchin. The diatreme is a d i k e l i k e  in t rus ion  about 

1,000 f e e t  wide and more than 4 m i l e s  long. A t  the  present  l e v e l  

of exposure, i t  c u t s  rocks of the Permian Cut le r  Formation, bu t  the 

ground sur face  a t  the time of emplacement may have been a t  least 

3,000 f e e t  higher. The i n t r u s i o n  cons i s t s  of i n t r u s i v e  serpent ine  

b recc ia  and minet te ,  sedimentary inc lus ions  der ived from Mesozoic 

and Paleozoic strata,  and fragments of Precambrian metamorphic and 

igneous rocks der ived from the  basement rock. S i ze  ana lys i s  of in- 

c lus ions  showed, f o r  fragments derived from below the  present  sur-  

f ace ,  t h a t  the depth of source i s  c o r r e l a t i v e  with the maximum 

block s i z e  of a p a r t i c u l a r  l i tho logy;  t h i s  r e l a t ionsh ip  al lows re- 

cons t ruc t ion  of the  sec t ion  where the  s t r a t ig raphy  is  not  known. 

The o r i g i n a l  sur face  expression of the diatreme w a s  probably a 

long r i f t  wi th  seve ra l  maar-type c r a t e r s  along i t ,  resembling such 

lunar  r i l les  as Hyginus and the  prominent one i n  the  e a s t e r n  p a r t  

of the f l o o r  of Alphonsus. 
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SUMMARY OF PART C 

Elec t ron  microprobe analyses by Robin Brett i n d i c a t e  t h a t  Ni-Fe 

spheru les  wi th in  impact i te  g l a s s  bombs from t h e  Meteor Crater area, 
Arizona, con ta in  from 20 t o  65 w t  percent  N i .  Spherules frum impact i te  

g l a s s  a t  Wabar crater, Saudi Arabia, con ta in  8 t o  4 1  w t  percent  N i .  

The parent  me teo r i t e s  con ta in  7 t o  8 w t  percent  N i .  The ana lyses  

i n d i c a t e  t h a t  g l a s s  i n  the v i c i n i t y  of the spheru les  i s  enriched i n  

Fe. Spherules i n  p h i l i p p i n i t e  and indochin i te  t e k t i t e s  con ta in  1 

t o  3 and 4 t o  6 w t  percent  N i ,  r espec t ive ly .  The g l a s s  i n  the  

v i c i n i t y  of t e k t i t e  spheru les  is not  enriched i n  Fe and conta ins  

from 3 t o  6 w t  percent  Fe. 

Brett  proposes t h a t  spheru les  i n  impact i te  g l a s ses  were p a r t i a l l y  

oxidized p r i o r  t o  o r  during incorpora t ion  i n t o  i m p a c t i t e  bombs. The 

almost Ni-free Fe oxide d i f fused  i n t o  the g l a s s ,  thus d e p l e t i n g  the 

m e t a l  i n  Fe, and enr ich ing  the glass .  

cont r ibu ted  t o  the  oxida t ion  a t  Meteor Crater. 

Dolomite and water may have 

Spherules i n  t e k t i t e s  were not  oxidized because the t e k t i t e s  

were formed i n  an atmosphere with extremely low f u g a c i t y  of oxygen. 

A less l i k e l y  a l t e r n a t i v e  is t h a t  t he  spheru les  were incorporated 

i n t o  the t e k t i t e  g l a s s  ins tan taneous ly  so t h a t  ox ida t ion  was  prevented. 

Seven Georgia t e k t i t e  specimens ( s e l e c t e d  t o  cover the range of 
s p e c i f i c  g r a v i t i e s )  and the  Martha's Vineyard t e k t i t e  were chemically 

analyzed by F. C u t t i t a ,  R. S. Clarke Jr., M. K. Carron, and C. S. 

Anne11 f o r  a l l  t he  major and 21 minor elements. Their major and 

minor element composition is  camparable wi th  t h a t  of t he  s i l i c a - r i c h  

bed ia s i t e s .  The new d a t a  show a continuous range of v a r i a t i o n  f o r  

Si02 (79.8-83.6 percent) , A1203 (9.5-11.7 percent) , FeO ( 1.82-3.09 

percent ) ,  and T i 0 2  (0.42-0.56 percent).  Cont inui ty  of the composi- 

t i o n a l  v a r i a t i o n s  of a l l  the  North American t e k t i t e s ,  t h e i r  genera l  

geographic a s soc ia t ion ,  and i d e n t i c a l  K-Ar ages of 3 4 f  l m i l l i o n  

years  s t r o n g l y  suggest (1)  t h a t  t he  Georgia and Martha's Vineyard 
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t e k t i t e s  r ep resen t  the h i g h - s i l i c a  end-members of t he  continuous 

range of compositional v a r i a t i o n s  exh ib i t ed  by the  North American 

t e k t i t e  family,  and (2) a common o r i g i n  both by event  and pa ren t  

body f o r  the Texas, Georgia, and Martha's Vineyard t e k t i t e s .  

n a t u r a l  g l a s ses  could have formed by fus ion  and d i f f e r e n t i a l  v o l a t i l -  

i z a t i o n  due t o  m e t e o r i t i c  impact on a t a r g e t  area of s i l i c e o u s  

igneous rocks. 

These 

Robin Brett and E. P. Henderson (U.S. N a t l .  Mus.) have completed 

a s tudy  of lamellar t r o i l i t e  i n  i r o n  meteor i tes .  

a number of i r o n  me teo r i t e s  con ta in  elongated inc lus ions  cons i s t ing  

predominantly of t r o i l i t e  , which have been termed Reichenbach lamellae. 

Two types of inc lus ions  e x i s t ,  t he  f i r s t  up t o  6 cm long and 0.2 mm 

They f i n d  t h a t  

wide, the second up t o  2 cm long and 3 mm wide. The f i r s t  type 

conta ins  t r o i l i t e  with subordinate daubree l i t e  and is  commonly 

rimmed by s c h r e i b e r s i t e  and swathing kamacite; the second c o n s i s t s  

l a r g e l y  of t r o i l i t e  wi th  d a u b r e e l i t e  and rare g raph i t e  and s i l i c a t e  

grains.  

s o l i d i f i c a t i o n  of Ni-Fe m e t a l .  

l i t e  i n  i r o n  me teo r i t e s  formed by nuc lea t ion  a t  the  t r o i l i t e - m e t a l  

i n t e r f a c e  during the  formation of t he  Widmanstztten texture.  

i tes conta in ing  t r o i l i t e  inc lus ions  of t he  second type appear  t o  

have cooled more r a p i d l y  t h a n  most i r o n  meteor i tes .  

Both types formed from a r e s i d u a l  s u l f i d e  m e l t  a f t e r  t he  

Swathing kamacite surrounding t r o i -  

Meteor- 

' 

A sounding rocket  payload, designed t o  c o l l e c t  micrometeorites 

a t  the ou te r  f r i n g e s  of t he  e a r t h ' s  atmosphere, w a s  success fu l ly  

launched and recovered by Ames Research Center on November 16, 1965. 
M. H. Carr and H. J. Gabe of the U.S. Geological Survey p a r t i c i p a t e d  

i n  the  experiment by designing and examining one of the several 

sampling modules flown. E lec t ron  microscopic examination of g r i d s  

exposed during f l i g h t  showed t h a t  an extrmely s m a l l  number of 

particles were co l lec ted .  Some of these  may have been contaminants 

from the veh ic l e  i t s e l f .  The maximum poss ib l e  p a r t i c l e  f l u x  above 

the atmosphere was  es t imated  and found t o  be less than the f l u x  

ca l cu la t ed  from the  Venus F ly  Trap experiment and a l s o  less than the 

f l u x  ca l cu la t ed  from satel l i te  data. 
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Irving May and Frank Cuttitta have reviewed the newer analytical 

techniques available in geochemical research. Specific techniques 

covered are chromatography, activation analysis, fission track analysis, 

M6ssbauer spectrometry, atmic absorption spectrometry, optical 

emission spectrometry, and X-ray fluorescence spectroscopy. 

A neutron activation procedure for the simultaneous determina- 
tion of Cs, Hf, and Ta has been developed by Paul Greenland. 

procedure is a semi-instrumental one in that only limited radio- 

chemical separations are employed. The useful sensitivity limit 

is about 0.01 ppm for each of the elements in a 100 mg sample. 

Greenland proposes to use the method in analysis of volatilization 

experiments and in analysis of tektites. 

The 

Charles Anne11 has developed a procedure for quantitative 

analysis of zinc and silver in silicates using a 25 ampere d-c 
arc in an argon atmosphere. 

4 ppm, and either Ag 3383.0 or Ag 3280.6 line down to 0.2 ppm. The 
spectra are recorded on Eastman 111-0 plates using a grating spectro- 
graph. Using 20 mg samples, analytical results are comparable to 

those obtained by conventional chemical methods. The method will 
be used in future tektite, meteorite, and rock analyses. 

The Zn 3345.02 line is used down to 
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SUMMARY OF PART D 

Resul ts  of ana lys i s  of the more than 17,000 photographs re- 

turned by the  th ree  successfu l  Ranger spacec ra f t  are descr ibed by 

N. J. Trask. A t  in termediate  t o  l a rge  scales (1:500,000 t o  

1:50,000) , the  sur face  materials photographed can be divided i n t o  

u n i t s  wi th  d i f f e r i n g  c h a r a c t e r i s t i c s .  Plains-forming materials i n  

p a r t i c u l a r  e x h i b i t  sharp con tac t s  between u n i t s  wi th  con t r a s t ing  

frequencies  of craters and s m a l l  d i f f e rences  i n  su r face  tex tures .  

The engineer ing p rope r t i e s  of these  var ious  u n i t s  may d i f f e r  

enough t o  n e c e s s i t a t e  accura te  mapping from photographs returned 

by Lunar Orb i t e r  and o the r  remote sensing instruments.  

Crater s ta t i s t ics  suggest t h a t  the uppermost sur face  of a l l  

exposed u n i t s  c o n s i s t s  of fragmental  d e b r i s  produced by the  con- 

t inued impact of bo th  primary and secondary fragments. S tud ie s  of 

crater morphology suggest f u r t h e r  t h a t  the c r a t e r i n g  h i s t o r y  of 

the  Moon has departed s l i g h t l y  from a simple s teady  s ta te  develop- 

ment, i n  which a cons tan t  f l u x  of impacting o b j e c t s  des t roys  old 

craters a t  the same rate as new craters are formed. 

Geologic maps prepared from Ranger photographs are included 

i n  the map supplement t o  P a r t  D. These maps cover the  Sabine re- 

gion (RLC 7 ) ,  mapped by H. G. Wilshire;  the Sabine DM region (RLC g), 

mapped by N. J. Trask; and the Alphonsus reg ion  (RLC 14) ,  mapped 

by M. H. Carr. 

Photogrammetric research by J. D. Alderman and S. C. Wu w a s  

d i r e c t e d  toward modif icat ion of procedures and equipment used i n  

anaglyphic p ro jec t ion  and a n a l y t i c  p l o t t e r  (AP/C) programs f o r  

processing Ranger v id icon  imagery. 

Standard anaglyphic p l o t t e r s  were modified f o r  the unconven- 

t i o n a l  s t e r e o  imagery and t o  accommodate the  h ighly  v a r i a b l e  geom- 

t r y  of the Ranger f l i g h t  t r a j e c t o r y  and camera a t t i t u d e .  A r a t i o  
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p r i n t e r  w a s  designed and constructed t o  produce d i a p o s i t i v e s  a t  the  

c o r r e c t  s ca l e s ,  N o  cons i s t en t  r e s u l t s  were obtained i n  the  ana- 

glyphic  s t e r e o  models when the  same model w a s  reconstructed by d i f -  

f e r e n t  opera tors  o r  on d i f f e r e n t  pro jec tors .  Poor metric charac te r -  

i s t i c s  of the imagery, small image s i z e s ,  image smear, and low sun 

angles  a l l  cont r ibu ted  t o  t h e  poor photogrammetric r e s u l t s .  

Some of the Ranger s t e r e o  p a i r s  were photogrammetrically re- 

duced on the  a n a l y t i c  p l o t t e r  (AP/C) of the Ohio State  Highway 

Department. E f f o r t s  on the  AP/C were mainly d i r e c t e d  t o  c r a t e r  

measurement, spo t  e l eva t ion  recording f o r  s lope  computation, and 

d e l i n e a t i o n  of geologic un i t s .  However, experiments with some of 

the Ranger IX frames showed t h a t  both relative and absolu te  or ien-  

t a t i o n  t o  wi th in  a few microns could be achieved independently by 

d i f f e r e n t  operators .  On these models, measured s lope  values  were 

i n  good agreement with shadow lengths.  This r e p e a t a b i l i t y  and in- 

t e r n a l  agreement ind ica t e  t h a t  l i n e  maps can be generated from a t  

least some Ranger s t e r e o  photographs. On o the r  s t e r e o  p a i r s ,  datum 

appeared t o  be t i l t e d ,  warped, o r  f l u i d ,  and measured s lope  values  

d id  not  agree with shadow lengths .  

of reduct ion on the  AP/C are i n  p a r t  due t o  the  same de f i c i enc ie s  

t h a t  caused e r r a t i c  r e s u l t s  i n  the anaglyphic p l o t t e r s .  Also,  

d i f f i c u l t y  i n  image-point d i scr imina t ion  r e s u l t i n g  from l o w  con- 

trast on the  d i apos i t i ves  commonly hindered model s e t u p  and oper- 

a t ion .  However, the automatic computational c a p a b i l i t y  of the  

AP/C overcame many of the de f i c i enc ie s  not  e l i n i n a b l e  i n  the  s i m -  

p l e r  analog system. 

The photogrammetric problems 

H. J. Moore has analyzed the f ine - sca l e  f e a t u r e s  of the  lunar  

sur face  shown i n  photographs taken by the Ranger spacec ra f t ,  Sur- 

veyor I, and Russia 's  Luna I X ,  and has found t h a t  c r a t e r s  ranging 

from a few cent imeters  t o  seve ra l  hundred meters across  predomi- 

nate .  Pos i t i ve  f ea tu res  such as blocks,  c lods ,  and fragments be- 

come increas ingly  abundant with increas ingly  f i n e r  scale u n t i l ,  

a t  a s c a l e  of a few cent imeters ,  they are common f e a t u r e s  of the 

lunar  landscape. 
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The l a r g e  range i n  s i z e  of craters as w e l l  as t h e i r  s i ze -  

frequency d i s t r i b u t i o n  are c o n s i s t e n t  wi th  the  not ion  t h a t  the  

craters were produced by impact of o b j e c t s  from space and d e b r i s  

from o t h e r  craters. Comparison between the  photographs of t h e  

luna r  su r face  and photographs of a su r face  produced experimentally 

by repeated impact of p r o j e c t i l e s  of va r ious  s i z e s  shows t h a t  

small lunar  craters can be worn down by repeated impact of d e b r i s  

from space and by ejecta from larger craters. 

many luna r  su r faces  may have reached a "steady state" i n  which 

To an  approximation, 

craters are destroyed as r a p i d l y  as they are formed. I n  t h i s  

s teady  s ta te ,  the  su r face  is  cha rac t e r i zed  by craters wi th in  a 

given s i z e  class t h a t  range from f r e s h  appearing craters wi th  w e l l -  

defined r i m s  t o  rimless craters which appear t o  be worn down and 

f i l l e d  in .  Comparison of t he  morphologies of small craters on the  

lunar  su r face  wi th  those produced by experimental impact and chemi- 

cal  explos ives  shows t h a t  t he  uppermost p a r t  of t he  luna r  surface 

i s  composed of fragmental  material which is  weakly cohesive--some- 

what l i k e  moist sand. The blocky ejecta s c a t t e r e d  around larger 

craters i n d i c a t e s  t h a t  s o l i d  rock occurs below the  s u r f i c i a l  l a y e r  

of fragmental material. 

P r i o r  t o  Lunar O r b i t e r  Mission I,  r e p o r t s  were prepared on 

the  geology of t he  n ine  primary si tes t o  be photographed dur ing  the  

mission. These r e p o r t s  presented t e r r e s t r i a l l y  derived geologic,  

photographic, i n f r a r e d ,  and albedo d a t a  t h a t  were then ava i l ab le .  

I n t e r p r e t a t i o n s  based on these  d a t a  were presented on a v a i l a b l e  

base maps o r  i n  graphs. The s i t e  r e p o r t s  were used dur ing  the  

screening  of t he  incoming Lunar O r b i t e r  I photographs and w e r e  

ve ry  u s e f u l  i n  p l o t t i n g  the  photographs, i d e n t i f y i n g  f e a t u r e s ,  and, 

gene ra l ly ,  i n  br idging  the  gap between terrestrial photography and 

the much higher r e s o l u t i o n  Lunar O r b i t e r  photography. 
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A sample of the r epor t s ,  S i t e  A-1  on the western margin of 

Mare Fecund i t a t i s ,  by T. W. Of f i e ld ,  i s  r ep r in t ed  i n  Part D. The 

o the r  s i t e  s t u d i e s  and t h e i r  au thors  are as follows: 

A- 2 E. A. Holm 

A- 3 M. J. G r o l i e r  

A- 4 L. C. Rowan 

A- 5 D. H. Dahlem 

A- 6 K. A. Howard 

A- 7 M. N. West 

A - 8 . 1  David Cummings 

A - 9 . 1  J. F. McCauley 
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